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The NANOGrav pulsar timing array experiment recently reported evidence for a stochastic common-
spectrum process affecting pulsar timing residuals in its 12.5-year dataset, which might be inter-
preted as the first ever detection of a stochastic gravitational wave background (SGWB). I examine
whether the NANOGrav detection might be explained by a SGWB produced during inflation, fo-
cusing on the implications for the inflationary parameters nT and r, with nT the tensor spectral
index and r the tensor-to-scalar ratio. I find that explaining the NANOGrav detection while com-
plying with current upper limits on r from BICEP2/Keck Array and Planck requires r & O(10−6)
in conjunction with an extremely blue tensor spectrum, 0.7 . nT . 1.3. However, the identified
region of nT -r parameter space is in strong tension with Cosmic Microwave Background and Big
Bang Nucleosynthesis constraints on the radiation energy density in the early Universe. Keeping in
mind the important caveat of having assumed a pure power-law parametrization for the primordial
tensor power spectrum, these results appear to exclude an inflationary interpretation of the possible
first ever detection of a SGWB by NANOGrav.
Introduction – A wide range of well-motivated cosmo-
logical and astrophysical scenarios predict the existence
of a stochastic gravitational wave background (SGWB)
spanning a wide range of frequencies [1, 2]. Detecting
such a SGWB would provide an extraordinary window
onto physics operating at energy scales which cannot
be reached on Earth. Possible sources of such SGWB
range from sources which are more astrophysical in na-
ture, e.g. a cosmic population of inspiraling supermassive
black hole binaries (SMBHBs) [3, 4], to others which are
more cosmological in nature, e.g. relics from cosmologi-
cal phase transitions [5–7] (such as cosmic strings [8, 9]).
A particularly important possible SGWB source con-
sists of gravitational waves (GWs) produced in the early
Universe from the super-adiabatic amplification of zero-
point quantum fluctuations of the gravitational field by
inflation. Inflation is a postulated stage of quasi-de Sit-
ter expansion in the early Universe [10–16]. Originally
introduced to elegantly address the flatness, horizon,
and monopole problems, inflation also provides a com-
pelling mechanism for the generation of a nearly Gaus-
sian and nearly scale-invariant spectrum of scalar per-
turbations. This simple picture is remarkably consistent
with observations of the Cosmic Microwave Background
(CMB) and of the clustering of tracers of the large-scale
structure [17–21], although on the theoretical side the
difficulty of embedding the simplest inflationary models
within string theory-consistent UV completions has re-
cently been highlighted [22–26].
The SGWB generated by inflation is generically ex-
pected to span a wide frequency range [27]. At extremely
low frequencies, f . 10−15 Hz, inflationary GWs can
be probed via their imprints on the anisotropies of the
CMB temperature and, especially, polarization fields [28].
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Moving to frequencies in the nHz range (i.e. f . 1/yr),
pulsar timing array (PTA) experiments are particularly
suited for the detection of a SGWB. This is achieved
by examining spatially correlated fluctuations induced by
the SGWB on the arrival times of radio pulses from mil-
lisecond pulsars, exploiting the fact that these objects
behave as extremely stable clocks [29–31].
The North American Nanohertz Observatory for Grav-
itational Waves (NANOGrav) has been collecting pulsar
timing data since 2004, and recently released the results
of the analysis of their 12.5-year PTA dataset, consisting
after quality cuts of 45 pulsars monitored between July
2004 and June 2017 [32]. Interestingly, NANOGrav finds
strong evidence for a stochastic common-spectrum pro-
cess, strongly preferred over independent red-noise pro-
cesses. If due to a SGWB, the detection is compatible
with a GW signal with strain amplitude A ∼ 10−15 at
f ∼ 3× 10−8 Hz, and a nearly flat spectrum.
Caution is required before this can be confirmed as
a genuine SGWB detection. The detected signal is in
tension with previous PTA SGWB upper limits in the
same frequency range, a discrepancy which NANOGrav
attributes to an improved treatment of the intrinsic pul-
sar red-noise. Most importantly, no convincing detec-
tion of spatial quadrupolar correlations among the pul-
sar timing residuals, which would be characterized by the
so-called Hellings-Downs curve [33], was achieved.
With these caveats in mind, it is nonetheless tempting
to speculate as to the possible cosmological origin of the
NANOGrav detection. Recent works have examined the
possibility that the NANOGrav signal might be due to
GWs generated by a network of cosmic strings [34–36] or
by dark sector dynamics [37–39], or by GWs associated
to the formation of primordial black holes [40–42].
In this short paper, I will instead address what
are perhaps two of the simplest and most intriguing
questions related to the NANOGrav result: “Can the
detected signal be due to a SGWB generated during
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2inflation? ” and “If so, what are the implications for
inflationary parameters? ” I find that the answer to
the first question is unfortunately “No”, as the required
spectrum of tensor perturbations would have to be too
blue in order to comply with present constraints on the
tensor-to-scalar ratio from CMB experiments, as well as
Big Bang Nucleosynthesis constraints.
Gravitational waves from inflation – I now review
the description of GWs produced during inflation on
the scales relevant for PTA experiments, closely fol-
lowing [43, 44]. I consider a spatially flat Friedmann-
Lemaître-Robertson-Walker metric, whose perturbed line
element in synchronous gauge reads:
ds2 = a2(η)
[
dη2 − (δij + hij)dxidxj
]
, (1)
with a and η denoting scale factor and conformal time
respectively, whereas the transverse and traceless part of
the symmetric 3 × 3 matrix hij describes GWs. Moving
to Fourier space, focusing on one particular GW polar-
ization and assuming isotropy, the GW field hk satisfies
the following equation:
h
′′
k + 2Hh
′
k + k
2hk = 0 , (2)
with
′
denoting a derivative with respect to conformal
time, and k denoting the mode wavenumber.
Consider now a GW field given at an initial confor-
mal time ηi by hk(ηi), characterized by its primordial
spectrum Pt(k) = 2k3/pi2|hk(ηi)|2, and by its transfer
function T (η , k) = hk(η)/hk(ηi), with hk(η) computed
by solving Eq. (2) and evaluated at a conformal time
η > ηi. The quantity which is relevant for GW detec-
tion experiments is the GW density parameter ΩGW, i.e.
the ratio between the GW energy density (at a given
wavenumber) today and the critical density:
ΩGW =
1
12H20
∫
dk
Pt(k)T˙ (η0 , k)
k
, (3)
where η0 denotes conformal time today and the dot de-
notes a time derivative.
To connect to inflation, the form of the primordial
spectrum of tensor perturbations produced by inflation,
Pt(k), needs to be specified. In the literature, Pt(k) is
usually parametrized as a power-law as follows:
Pt(k) = rAs(k?)
(
k
k?
)nT
, (4)
where r is the tensor-to-scalar ratio and As is the ampli-
tude of primordial scalar perturbations at the pivot scale
k = k?, typically set to k? = 0.05 Mpc−1. Finally, nT is
the tensor spectral index, with nT = 0 corresponding to
a scale-invariant spectrum, and nT < 0 [nT > 0] corre-
sponding to a red [blue] spectrum. The tensor spectral
index is related to the effective equation of state during
inflation, weff , by nT = 2 + 4/(1 + 3weff). In single-field
slow-roll models the tensor spectral index satisfies the
so-called “consistency relation” nT = −r/8 [45].
It has been shown in a number of works that the trans-
fer function T (η0 , k) admits a relatively simple analyt-
ical approximation, assuming that inflation is followed
by the standard radiation-, matter-, and dark energy-
dominated eras [43, 46–49]. Since the scales of interest
are PTA scales, the respective modes of interest are such
that k  keq, with keq ≈ 0.073Ωmh2 Mpc−1 the matter-
radiation equality wavenumber, and Ωm and h the matter
density parameter and reduced Hubble constant respec-
tively. In this regime and adopting the aforementioned
analytical approximation for the GW transfer function,
it can be shown that the GW energy density today given
by Eq. (3) reduces to [43]:
ΩGW ≈ 15
16
Ω2mrAs
H20η
4
0k
2
eq
(
k
k?
)nT
, (5)
which can be converted to the more useful frequency
domain, ΩGW(f), through the relation k = 2pif .
The NANOGrav detection – The results of PTA
GW searches are typically reported in terms of a pul-
sar timing-residual cross-power spectral density S(f) ∝
f−γCP , with the subscript CP standing for “common-
spectrum”. The results are also typically reported in
terms of hc(f), the power spectrum of the characteristic
GW strain, also usually approximated as a power-law:
hc(f) = ACP
(
f
fyr
)α
CP
, (6)
where α
CP
= (3 − γ
CP
)/2, with α
CP
= −2/3 [γ
CP
=
13/3] for the fiducial case where the SGWB is due to
inspiraling SMBHBs. The reference frequency is given
by fyr = yr−1. Moreover, hc(f) is related to the GW
energy density ΩGW(f) given in Eq. (5) through:
ΩGW(f) =
2pi2
3H20
f2h2c(f) . (7)
PTA GW search results are then typically reported in
terms of joint A
CP
-γ
CP
posterior distributions, or occa-
sionally as the posterior distribution of A
CP
at a fiducial
value of γ
CP
(typically γ
CP
= 13/3).
To more directly connect to GWs from inflation, it is
useful to relate ACP and γCP to the inflationary parame-
ters nT and r. This can be done by combining Eqs. (5-7),
which inserting the best-fit values for the relevant cos-
mological parameters as determined by the latest results
from the Planck collaboration [19, 50, 51], yields [43]:
A
CP
≈ 0.9√r × 105nT−18 , γ
CP
= 5− nT , (8)
with A
CP
given at the reference frequency fyr = yr−1 at
which PTA GW search results are typically reported, and
r given at the pivot scale k? = 0.05 Mpc−1. From Eq. (8)
it is clear that if the primordial tensor power spectrum
is red (nT < 0) as one expects from single-field slow-roll
inflationary models, the amplitude of inflationary GWs
on PTA scales is undetectably small, with A . 10−18.
3FIG. 1. The blue-shaded contour is the region of nT -r parameter space (with nT the tensor spectral index and r the tensor-
to-scalar ratio) required to explain the NANOGrav result assuming it is due to a SGWB produced during inflation. The solid
horizontal line corresponds to the limit r < 0.07 set by the BICEP2/Keck Array and Planck experiments [52], with the region
above the line excluded. The diagonal dashed line gives constraints from the contribution of the SGWB to the radiation energy
density in the early Universe, with the region to the right of the line excluded.
The NANOGrav collaboration fitted the simple
power-law approximation to the strain power spec-
trum in Eq. (6) to 30 frequency bins in the range
f ∈ (2.5 × 10−9; 9.0 × 10−8) Hz. However, as is clear
from Fig. 13 in [32], only the first lowest frequency
bins covering the range f ∈ (2.5 × 10−9; 1.2 × 10−8) Hz
are signal-dominated, and hence these are the bins
from which the final consensus results are obtained.
From a fit to these five frequency bins, the NANOGrav
collaboration obtains joint constraints on A
CP
and γ
CP
,
as shown in the 2D joint posterior distribution given
in the right panel of Fig. 1 of [32]. At 68% confidence
level (C.L.) these constraints indicate approximately
log10ACP ∈ (−15.8;−15.0) and γCP ∈ (4.5; 6.5), with
the inspiraling SMBHBs case γ
CP
= 13/3 ≈ 4.3 falling
just outside the 68% C.L. contours. A mild negative
correlation exists between γ
CP
and A
CP
, which I find
is approximately described by the degeneracy direction
along which γ
CP
+ 1.6 log10ACP ≈ const.
Implications for inflation – My goal is now to iden-
tify the region of nT -r parameter space which can, at
least at face value, explain the NANOGrav detection
if interpreted as arising from a SGWB produced dur-
ing inflation. To do so, I first perform a scan of the
parameters nT ∈ (−2; 2) and log10 r ∈ (−6; 0), and
compute the resulting values of ACP and γCP following
Eq. (8), retaining only those points for which the cor-
responding [γ
CP
(nT , r);ACP(nT , r)] pairs fall within the
95% C.L. contours corresponding to the NANOGrav de-
tection (short-dashed orange curve in the right panel of
Fig. 1 in [32]). In addition, I impose the constraint r <
0.07 at 95% C.L. (at the pivot scale k? = 0.05 Mpc−1)
from BICEP2/Keck Array and Planck CMB data [52].
The result of my scan is given in Fig. 1, with the re-
tained points making up the blue-shaded region in the
nT -r plane. Ignoring for a moment the dashed line
marked “BBN limit”, I find that the NANOGrav detec-
tion is at face value compatible with a rather limited
strip of nT -r parameter space, indicating approximately
nT ∈ (0.7; 1.3) and r ∈ (10−6; 0.07), with the upper
limit on r completely determined by the constraint com-
ing from BICEP2/Keck Array and Planck. I find that
the primordial spectrum of tensor perturbations has to
be very strongly blue, which was expected in order for
the associated SGWB to leave a detectable imprint on
PTA scales. As expected, I also find a negative correla-
tion between nT and r, which is directly inherited from
the negative correlation between γCP and ACP I discussed
earlier. I find that the correlation between nT and r is ap-
proximately described by the degeneracy direction along
which nT + 0.11 log10 r ≈ const.
It is instructive to understand where, physically speak- ing, the previous constraints are coming from. In par-
4FIG. 2. The blue-shaded contour corresponds to the nT -r contour from Fig. 1 projected onto the γCP -ACP parameter space
(with ACP the characteristic GW strain amplitude at f = yr
−1 and γCP the spectral index of the pulsar timing-residual
cross-power spectral density). The dashed and solid red curves correspond to the 1σ and 2σ γCP -ACP contours obtained by
NANOGrav [32]. The solid diagonal lines correspond to the predictions for γCP and ACP obtained for different fixed values of
the tensor-to-scalar ratio r (see legend for color coding), while the tensor spectral index nT is varied.
ticular, one might be surprised by the fact that the
NANOGrav detection sets a lower limit on r, in addi-
tion to the upper limit arising from BICEP2/Keck Ar-
ray and Planck. I therefore project the nT -r constraints
from Fig. 1 onto the γ
CP
-A
CP
plane, with the 1σ and 2σ
contours explaining the NANOGrav detection overlaid.
The result is given in Fig. 2, where in addition I plot
the values of γ
CP
and A
CP
obtained for various fixed val-
ues of r, while nT is varied. From Fig. 2 one notices first
of all that an inflationary SGWB is only able to account
for a limited region of the parameter space corresponding
to the NANOGrav observation. One further notes that
the contours at fixed r are nearly vertical, and hence in-
creasing (decreasing) r approximately moves one to the
right (left) in the γ
CP
-A
CP
plane: therefore, the lower
limit of r & O(10−6) is mostly driven by the leftmost
edge in the NANOGrav 2σ contours. For any given value
of r, there is a limited range of nT values for which the
corresponding values of γ
CP
and A
CP
are consistent with
the NANOGrav observation, which is directly reflected
in the limited horizontal width of the blue-shaded region
in the nT -r plane in Fig. 1.
Taken at face value, there is in principle nothing wrong
with the region of parameter space indicated by Fig. 1. In
fact, it appears to be consistent, or at least marginally
consistent, with current constraints on nT and r from
CMB measurements: see e.g. [53, 54] for examples of
such constraints (although the recent [55] suggests that
constraints on nT might be substantially tighter). How-
ever, GWs will also contribute to the energy density of
the early Universe, behaving as an extra radiation com-
ponent and contributing to the effective number of rela-
tivistic species Neff , which in turn affects Big Bang Nu-
cleosynthesis (BBN) and the CMB [56–60]. The SGWB
contribution to Neff , ∆Neff,SGWB, is given by:∫
df
ΩGW(f)h
2
f
≈ 5.6× 10−6∆Neff,SGWB (9)
Extra contributions to Neff are severely constrained by
their impact on the damping of CMB higher acoustic
peaks, and on light element abundances. Together, CMB
and BBN roughly constrain ∆Neff . 0.4 [19, 61–65].
Inserting the previous conservative constraint into
Eq. (9) and saturating the corresponding inequal-
ity determines constraints on nT and r from the
contribution of an inflationary SGWB to Neff . Follow-
ing [27, 44, 59], the integration limits in Eq. (9) are set
to fmin = 10−10 Hz and fmax = 107 Hz, approximately
corresponding to the comoving horizon at the time of
BBN, and a temperature T ≈ 1015 GeV (indicative of
the end of inflation) respectively. The result is given by
the diagonal dashed line in Fig. 1, with the region to the
right of the line excluded by constraints on Neff . As is
clear from the Figure, constraints on Neff rule out the
entire region of nT -r parameter space which would be
required to explain the NANOGrav detection.
Caveats – Before closing, I briefly discuss two important
caveat to my findings. The main underlying assumption
is my treating the primordial tensor power spectrum in
Eq. (4) as a pure power-law from CMB down to PTA
scales. This approximation is extremely widely used in
5the literature, but as we are finally approaching the point
where it becomes possible to test inflation on such small
scales, it is worth re-examining whether it is indeed justi-
fied. Indeed, the recent [66] has shown that higher-order
terms in the power-law expansion of the primordial power
spectrum can be extremely relevant when constraining
inflation on small scales, as a modest amount of tensor
running (or running of the running and so on) is sufficient
to completely alter the predictions on such scales.
Addressing this caveat would require to estimate the
theoretical uncertainties in the predictions for inflation-
ary parameters in a way which is as potential-agnostic
as possible. One way could be to randomly sample infla-
tionary models via the technique of Monte Carlo inflation
flow potential reconstruction, along the lines of [67, 68],
and studying the distributions of the corresponding pri-
mordial tensor power spectrum parameters, and how
more often than not the latter is better described by e.g.
a broken power-law rather than a pure power-law. These
are extremely important questions, which however go be-
yond the scope of the present work, and I plan to return
to them in the future.
Another caveat is that in computing the Neff con-
straints from Eq. (9) I have assumed a frequency cut-off
of fmax = 107 Hz, corresponding to T ≈ 1015 GeV.
However, the BBN bound might be relaxed by consider-
ing a lower fmax: in this sense, requiring compatibility
between the NANOGrav detection and BBN constraints
might be used to set an upper limit on the maximum
temperature of the Universe. The reheating temperature
could in principle be as low as Tmax & 5 MeV and still
not spoil BBN [69, 70].
Conclusions – The NANOGrav collaboration recently
reported evidence for a stochastic common-spectrum pro-
cess affecting pulsar timing residuals across its 12.5-year
PTA dataset. In this short paper, assuming that these
correlations are due to the discovery of a SGWB on
nHz scales, I have examined the issue of whether the
NANOGrav result can be explained by a SGWB pro-
duced during inflation, and if so what region of inflation-
ary parameter space can best explain the observation.
My key results are given by the blue-shaded contour in
the nT -r plane in Fig. 1, and indicate that the required
primordial tensor power spectrum would have to be ex-
tremely blue (nT > 0) to comply with constraints on the
tensor-to-scalar ratio r from BICEP2/Keck Array and
Planck. However, the required region of nT -r parame-
ter space is strongly excluded by the contribution of the
SGWB to the radiation energy density in the early Uni-
verse, and hence to Neff .
I have commented on a crucial caveat to my findings,
namely the assumption of the primordial tensor power
spectrum being a pure power-law across various decades
in frequency. I plan to return to the issue of whether
this assumption, widespread in the literature, is actually
justified within the most well-motivated inflationary
models. If confirmed, the hint for the possible discovery
of a SGWB from NANOGrav would be an extraordinary
milestone in GW astronomy. For this to occur, a con-
vincing detection of spatial quadrupolar correlations is
required. I look forward with anticipation to upcoming
PTA data releases, including the NANOGrav 15-year
dataset, as well as data from EPTA and PPTA.
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